Zuotin
Introduction
Asymmetric cell divisions give rise to daughters that express different cell fates and are essential for much of the cell-type diversity that is critical for the generation of complex multicellular organisms. Many asymmetric divisions involve asymmetric positioning of the division plane and generate daughters that differ in size, and in these and other cases precise positioning of the division plane is necessary for the proper differentiation of the progeny of the division. Studies of different types of asymmetric divisions, mostly in a relatively small number of animal and plant model systems, have revealed that while some factors that regulate cell division geometry may be conserved within certain lineages, multiple mechanisms have evolved for controlling the positioning of division planes (Gonczy, 2008; Heidstra, 2007;  0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.07.007 Knoblich, 2008; Ten Hove and Heidstra, 2008) . This realization encourages a broader investigation into the types of molecules that can regulate division plane positioning in eukaryotes.
The green alga Volvox carteri is an excellent organism in which to study such asymmetric division factors. Progenitors of its two fully differentiated cell types are set aside during embryogenesis by a stereotyped set of asymmetric divisions, and mutants that are defective for these asymmetric divisions (but not for symmetric divisions) are readily isolated (Kirk, 1998; Kirk et al., 1991) . Such mutants make only small cells that differentiate into somatic cells; hence they do not make gonidia, and are termed Gonidialess (Gls). Because they prevent the formation of asexual reproductive cells, gls mutations are lethal in the wild type genetic background, but they can be maintained in strains defective for the somatic regenerator (regA) gene, in which somatic cells dedifferentiate, enlarge, and become gonidia (Huskey and Griffen, 1979; Starr, 1970) . Gls mutants therefore provide an excellent opportunity to identify genes that encode factors essential for asymmetric division.
Thus, far one gls gene has been cloned, glsA, which encodes a 748-amino acid protein (GlsA) that has close homologs in every eukaryotic lineage examined, including fungi, ciliates, animals, and higher plants . Except for the fungal proteins, all known GlsA orthologs share four conserved domains that in GlsA are called the J, M, SANT1, and SANT2 domains; fungal orthologs of GlsA appear to have lost the SANT domains (Braun and Grotewold, 2001) . J domain proteins (J proteins) typically act as co-chaperones that target substrate proteins to specific Hsp70 chaperone partners, which modify them through folding/re-folding reactions (Bukau and Horwich, 1998; Suh et al., 1998; Tsai and Douglas, 1996) . The J domain of GlsA interacts with Hsp70A, and this interaction is essential for asymmetric division (Cheng et al., 2005) , so GlsA is likely to act like a canonical J protein co-chaperone. It has not been reported whether the M or SANT domains are important for GlsA function in asymmetric division, but in other proteins these domains have been implicated in transcriptional control. For instance, the M domain of the mouse ortholog of GlsA (MIDA1) binds the helix-loop-helix (HLH) protein Id1 (an inhibitor of certain basic HLH transcription factors) to stimulate cell proliferation (Shoji et al., 1995) , and many SANT (Swi3, Ada2, NcoR1, and TFbIII) domain proteins bind histone N-terminal tails, recruit histone acetylases or deacetylases that modify histone tails, and/or interact with other chromatin-associated proteins (Badri et al., 2008; Boyer et al., 2004; Guelman et al., 2006; Humphrey et al., 2001; Mo et al., 2005; Shi et al., 2005; Wang et al., 2008) .
On the other hand, both fungal and vertebrate orthologs of GlsA have been implicated in ribosome function. The Saccharomyces cerevisiae ortholog of GlsA, named Zuotin, is part of a ribosome-associated chaperone complex termed RAC that includes Hsp70 protein Ssz1p (Gautschi et al., 2001 (Gautschi et al., , 2002 Yan et al., 1998) . RAC is essential for another Hsp70 protein (Ssb1/2p) to associate with nascent polypeptides near the ribosome exit tunnel, which in turn appears to be required for targeting of nascent polypeptides to organelles (Ogle et al., 2003) . Defects in either RAC protein or Ssb1/2b cause mild defects in codon-reading accuracy and severe defects in translation termination, as determined by both in vivo and in vitro assays (Rakwalska and Rospert, 2004) . Notably, zuotin and ssz1 mutants are cold sensitive for growth and ultrasensitive to the aminoglycoside antibiotic paromomycin, which binds the ribosome and reduces translation accuracy (Luce et al., 1985) . The human ortholog of GlsA, MPP11 (M-phase phosphoprotein 11), also associates with ribosomes and can rescue yeast RAC mutants for both cold and paromomycin sensitivity when expressed heterologously in that system (Otto et al., 2005) . C-terminal deletion mutants of MPP11 that lack both SANT domains retain partial activity in yeast, indicating that the SANT domains are not essential for the ribosomal function of MPP11. Interestingly, V. carteri glsA mutants, like zuotin mutants, are cold sensitive . These facts suggest that, like Zuotin and MPP11, GlsA is likely to be a ribosome-associated chaperone, and raise the possibility that GlsA function in asymmetric division might involve regulation of translation.
Here we describe experiments that provide new insights into the role of GlsA in regulating division symmetry in V. carteri. We found that glsA mutants are hypersensitive to the ribosome-binding drug paromomycin, meaning that GlsA is very likely part of a ribosome-associated chaperone complex, as is its yeast counterpart Zuotin. Interestingly, while all conserved domains that could be tested were found to be essential for the asymmetric division function of GlsA, a variant that lacks the SANT2 domain rescued the cold growth and paromomycin sensitivities of the glsA mutant. These findings demonstrate that while GlsA is required for tolerance to cold and paromomycin, this function is not sufficient for its role in asymmetric division. Finally, we report that full-length GlsA co-immunoprecipitates with histones, while the SANT2 deletion variant does not, indicating that GlsA is likely to function at the level of transcriptional regulation in some capacity, and that it requires an intact SANT2 domain to do so.
Results

2.1.
At least three conserved domains of GlsA are essential for asymmetric division Previously, it was reported that the J domain is essential for GlsA function in asymmetric division . As a first step toward determining if any of the other three conserved domains of GlsA are essential for asymmetric division, we made transgenes (driven by glsA regulatory sequences) that encode GFP-tagged GlsA variants deleted separately for the M, SANT1, and SANT2 domains (Fig. 1A and data not shown) and transformed them into glsA mutant 22gls1. We obtained transformants that expressed the variant deleted for the SANT2 domain (DS2-GGG; Fig. 1B ), but we could not isolate transformants that expressed the other deletion variants (data not shown). Therefore, we made constructs in which the highly conserved M domain residues SWREF (aa 249-253) were mutated to AVAVA and the highly conserved SANT1 domain residues WSE (aa 481-483) were mutated to AAA. The M domain variant (M * -GGG) was expressed (Fig. 1B) , but the SANT1 variant was not (data not shown). A second SANT1 variant that contains two different mutations in conserved SANT1 residues (E485A and K495A), was detectable by Western analysis, but the protein ran aberrantly fast in SDS-PAGE ($56 vs $130 kDa for other full-length GFP-GlsA variants; data not shown). Because none of the three GlsA SANT1 variants accumulated normally, we were not able to test the role of this domain in GlsA function, so we focused our analyses on the J, M, and SANT2 domains.
Transformants of the Gls mutant 22gls1 that expressed GFP-GlsA fusions were inspected by stereo microscopy to determine whether they were rescued for the Gls phenotype. Of all the transformants examined, only those that expressed a fusion of GFP to wild type GlsA (GGG; for glsA promoter-GFPGlsA) made the normal number of gonidia ( Fig. 1C-E and data not shown). All transformants expressing the SANT2 deletion derivative DS2-GGG made slightly more gonidia on average than transformants expressing the other GFP-GlsA variants and than parental strain 22gls1, but the difference, though statistically significant, was very small judged against that observed for GGG-expressing transformants in comparison to all other transformants.
While the DS2-GGG variant accumulates robustly in transgenic lines and migrates as expected in SDS-PAGE, we considered it possible that deletion of the SANT2 domain might somehow impair the ability of the J, M, or SANT1 domain to function in asymmetric division. If this were the case, an intact SANT2 domain might not be required at all for asymmetric division. To explore this possibility, we made constructs that encode the GlsA variants S2-W1 * -GGG and S2-W2 * -GGG, which contain single alanine substitutions for two highly conserved tryptophan residues, W678 and W702 (Fig. 1A) , and tested their function in asymmetric division. These residues were especially good candidates for mutagenesis because analogous mutations in other SANT domain proteins have been reported to significantly affect activity (Kroczynska et al., 2004; Sterner et al., 2002) . We obtained several transformants that expressed either S2-W1 * -GGG or S2-W2 * -GGG, and all were partially rescued for the Gls phenotype, producing $4 gonidia per spheroid, as opposed to 8.2 gonidia per spheroid for transformants that expressed GGG and 1.3 gonidia per spheroid for the recipient strain, 22Gls1 ( Fig. 1E and data not shown). From these results we conclude that the SANT2 domain is indeed very important for the asymmetric division function of GlsA, and that in turn both W678 and W702 are important, though not indispensable, for SANT2 function. For all subsequent analyses of SANT2 activity we utilized the SANT2 deletion variant DS2-GGG, since it displays the weakest asymmetric division function of the tested variants.
HA-GlsA occupies a perinuclear region that largely coincides with histones during interphase, and it localizes to the region of the spindle during mitosis, in blastomeres throughout at least the first eight division cycles of embryogenesis (Cheng et al., 2005; Miller and Kirk, 1999) . To determine whether failure of the GlsA variants to rescue the Gls phenotype of 22gls1 might be explained by their inability to localize normally at the sub-cellular level, we examined GFP localization in spheroids of parental strain 22gls1 and transformants expressing GGG or GFP-GlsA variants. In transformants that express GGG, J * -GGG, M * -GGG, or DS2-GGG, the distribution of GFP fluorescence was very similar to the HA-GlsA distribution observed previously at both interphase and mitosis ( Fig.  2A-P) , suggesting that the J, M, and SANT2 domains are not essential for the sub-cellular localization of GlsA.
2.2.
The SANT2 domain is not essential for cold or paromomycin tolerance
The glsA mutation in 22gls1 renders the strain defective not only for asymmetric division, but also for growth at suboptimal temperatures . The latter phenotype is also displayed by S. cerevisiae mutants defective for Zuotin, a GlsA ortholog that associates with ribosomes (Yan et al., 1998) . The cold sensitivity of zuotin mutants has been ascribed to a defect in ribosome function; this supposition is consistent with the fact that these mutants also exhibit translational accuracy defects that are exacerbated by the ribosome-binding aminoglycoside antibiotic paromomycin, an agent that further decreases translational accuracy (Gautschi et al., 2001; Yan et al., 1998) . To determine whether defects in GlsA also cause ultrasensitivity to paromomycin, we cultured spheroids of 22gls1 and of a GGG-expressing transgenic derivative of 22gls1 in medium supplemented with 0.002-0.4 lg/mL paromomycin. While the transformants that express GGG grew normally for at least 4 days in medium containing up to 0.2 lg/mL paromomycin, 22gls1 individuals became moribund within 2 days of transfer to medium with greater than or equal to 0.005 lg/mL paromomycin (Table 1 ; Fig. 3 and data not shown). Thus, like zuotin mutants, the glsA mutant is also ultrasensitive to paromomycin, suggesting that GlsA probably regulates translational accuracy.
To determine whether this ribosome-related function of GlsA is likely to be sufficient for its asymmetric division function, we tested the ability of each of the GFP-GlsA domain mutant variants described above to rescue the cold sensitivity and paromomycin ultrasensitivity of 22gls1. Our reasoning was as follows: If any of the domain mutant variants (none of which rescued the asymmetric division defect) were able to rescue the antibiotic sensitivity defect, then we could conclude that the antibiotic resistance function of GlsA is not sufficient for its asymmetric division function.
First, 22gls1 and transformants of it that express GGG and each of the GFP-GlsA domain variants were cultured in replicate flasks of SVM at either 32 or 24°C and examined after 7 days. As expected, all cultures grew robustly at 32°C, and transformants of 22gls1 expressing GGG also grew well at 24°C, while 22gls1 failed to grow at 24°C (Fig. 3 and data not shown). Closer examination of individuals of 22gls1 from the 24°C culture at day 7 revealed that their development had arrested stochastically, with dead individuals accumulating in $equal numbers at all stages of development, as reported previously . Like 22gls1, transformants that express J * -GGG did not survive or propagate for more than a single generation at 24°C, while cultures of transformants that express M * -GGG contained a small number of individuals that survived and grew slowly under these conditions. In contrast, transformants expressing DS2-GGG grew as well as those that express GGG (Fig. 3) .
Next, transformants of 22gls1 that express the GFP-GlsA domain variants were tested for sensitivity to paromomycin. Like 22gls1, transformants that express J * -GGG or M * -GGG died within 2 days in medium supplemented with >0.002 lg/ mL paromomycin (Table 1) . On the other hand, transformants that express DS2-GGG were as resistant to paromomycin as transformants that express the wild type GFP-GlsA fusion (Table 1 and Fig. 4 ).
GFP-GlsA and GFP-GlsA variants with an intact SANT2 domain interact with histones
GlsA co-localizes with histones in interphase embryos (Cheng et al., 2005) , and a number of proteins that contain SANT domains are known to interact directly with histones or with complexes that contain histone modifying enzymes (Badri et ) and transformants of it that express GFP-GlsA fusion proteins were visualized by bright field (Bright; A, E, I, M, Q) or direct fluorescence (GFP; B, D, F, H, J, L, N, P, R) microscopy. GGG and variants mutated for the J, M, and SANT2 domains all localize to the nuclear periphery in interphase blastomeres (I, arrowheads in (B)) and to the interior of the nucleus in mitotic blastomeres (M, arrowhead in (D) ). The images shown in (J) and (L) were obtained from the same embryo as it progressed from interphase into mitosis; in all other cases the interphase embryo pictured is different from the mitotic specimen expressing the same GlsA variant. Humphrey et al., 2001; Mo et al., 2005; Shi et al., 2005; Wang et al., 2008) . To determine whether GlsA also might interact either directly or indirectly with histones, we attempted to immunoprecipitate GFP-GlsA-containing complexes from transgenic lines that express GGG, M * -GGG, J * -GGG, and DS2-GGG then analyze them by immunoblotting for the presence of histones. We were able to isolate immunoprecipitates from each of these transformants, and all but those that express DS2-GGG contained protein that reacts with the anti-histone antibody and migrates on SDS-PAGE at the same position as at least one species of histone; however, the amount of antibody-positive protein was much lower in the M * -GGG transformants than in the GGG and J * -GGG transformants (Fig. 5) . On the other hand, the immunoprecipitates isolated from transformants that express DS2-GGG did not contain protein that reacted with the anti-histones antibody (Fig. 5) . From these findings we conclude that at least some GlsA protein exists in complexes that contain histones, and that the SANT2 domain, and to a lesser extent the M domain, are required for the association of GlsA with histones.
Discussion
Prior to the initiation of this work, it was known that GlsA is essential for asymmetric cell division, but it was not known on what cellular process(es) GlsA acts to carry out this function. Here we report findings that suggest GlsA regulates both transcription and translation, and that at least part of the translational role is insufficient for its asymmetric division function. Our findings also provide additional insights into the conserved domains of GlsA and their role in asymmetric division.
3.1.
The J, M, and SANT2 domains are essential for GlsA function in asymmetric division Previously, it was known that the J domain of GlsA interacts with Hsp70A and that this interaction is essential for GlsA and Hsp70A to promote asymmetric division (Cheng et al., 2005) . However, it was not known whether the other conserved domains of GlsA (M, SANT1, and SANT2) are also essential for it to regulate division symmetry. To determine whether they are, we made constructs that encode GFPtagged GlsA variants and tested their ability to rescue the Gls phenotype. Mutation of the nearly invariant SWREF motif of the M domain to AVAVA, like conversion of the invariant J domain tripeptide HPD to QPN, or deletion of the SANT2 domain (Fig. 1) , essentially prevented any rescue of the asymmetric division phenotype of glsA mutant 22gls1. Interestingly, variants with alanine substituting for a conserved tryptophan residue in the SANT2 domain (W678A and W702A) provided partial rescue of the asymmetric division phenotype, suggesting that each conserved tryptophan is important but not absolutely essential for GlsA function in asymmetric division. The fact that the SANT2 deletion variant migrates as expected on SDS PAGE (Fig. 1B) , localizes like wild type GlsA (Fig. 2) , and is fully functional for cold and paromomycin tolerance (Figs. 3 and 4) argues that this variant lacks only SANT2 function and is unaffected for overall protein stability/structure or for the activities of other conserved domains. Therefore, we conclude that the SANT2 domain, like the J and M domains, is essential for the asymmetric division function of GlsA.
Unfortunately, none of the SANT1 variants we attempted to assay, including two that contained just two amino acid substitutions compared to the wild type, were informative. The SANT1 deletion variant could not be detected at all on SDS-PAGE gels, while the alanine substitution mutants 
* Plus/minus signs indicate ability to progress through life cycle for at least 72 h. Fig. 3 -Cold sensitivity of 22gls1 and transgenic derivatives that express GFP-GlsA fusion variants. Cultures were started with $100 spheroids of the indicated strain and were propagated at either 24 or 32°C for 7 days. Note that only the strain expressing the SANT2 deletion derivative of GlsA (DS2-GGG) was as cold tolerant as the strain that expressed GFP fused to wild type GlsA (GGG).
migrated very aberrantly (data not shown). Therefore, despite the fact that none of these variants provided any rescue of the Gls phenotype (data not shown), we were unable to draw any conclusions regarding SANT1 function in asymmetric division. Nevertheless, our results demonstrate that at least three of four conserved domains-J, M, and SANT2-are essential for the asymmetric division function of GlsA. In theory, failure of the J, M, and SANT2 domain variants to rescue the Gls phenotype could have been caused by their failure to localize properly to the nucleus. However, we found that the J, M, and SANT2 variants all localized more or less like wild type GlsA in early blastomeres (Fig. 2) . It is likely that one or more nuclear localization signals (NLSs) exist elsewhere in GlsA, and in fact a region that is rich in basic residues (RKRKAVKKK) and that resembles a monopartite NLS lies just N-terminal to the J domain, at position 102-110 of GlsA. We attempted to express a GlsA variant that lacks this putative NLS as well as most of the remaining aa residues N-terminal of the J domain, but this variant did not accumulate in transformants to levels detectable by Western analysis (data not shown), so it remains unclear whether this sequence functions as an NLS.
3.2.
GlsA is essential for paromomycin and cold tolerance, but that function appears to be separable from its asymmetric division function
We have demonstrated that the glsA mutant 22gls1 is ultrasensitive to the aminoglycoside antibiotic paromomycin (Table 1 and Fig. 4) . Since the only known target of paromomycin action is the ribosome, and since GlsA orthologs from vertebrates and fungi are ribosome associated and required for normal translation accuracy, it seems extremely likely that GlsA also functions at the exit tunnel of the ribosome and performs a translation-related function there. Were the Fig. 4 -Paromomycin sensitivity of 22gls1 and transgenic derivatives that express GFP-GlsA fusion variants. Wells of microtitre plates containing 2 mL SVM only (not treated, NT) or SVM supplemented to the indicated final concentrations of paromomycin (in lg/mL) were inoculated with $30 spheroids of 22gls1 or transformants that express the indicated GFP-GlsA proteins. Derivatives of GFP-GlsA defective for the J and M domains did not rescue paromomycin sensitivity, while the derivative lacking the SANT2 domain (DS2-GGG) completely rescued the mutant phenotype. Proteins from strains expressing the indicated GFP-GlsA proteins were subjected to SDS-PAGE directly (input) or were immunoprecipitated with anti-GFP antisera and protein G beads (IP) before SDS-PAGE and transfer to nitrocellulose. The blot with immobilized proteins was reacted with anti-GFP antibody (top panel) then stripped and reacted with anti-histones antisera (bottom panel). GFP-GlsA and each of the mutant variants immunoprecipitated efficiently with the anti-GFP antibody, but histones co-immunoprecipitated efficiently only with wild type GFP-GlsA and with the Jdomain variant J * -GGG. paromomycin tolerance function of GlsA sufficient for asymmetric cell division, one would expect that any GFP-GlsA variant able to rescue the paromomycin ultrasensitivity of a glsA mutant would also rescue the asymmetric division defect. But this is not the case. The SANT2 variant DS2-GGG fully rescued the paromomycin ultrasensitivity of 22gls1, but did not rescue the asymmetric division defect. We cannot rule out the possibility that some other GlsA translation function not related to paromomycin tolerance is required for asymmetric division, and this possibility deserves to be explored. In the meantime, the simplest-and perhaps most likely-interpretation of our results is that the presumed exit-tunnel function of GlsA is neither sufficient nor required for its role in division symmetry, and that some other process regulated by GlsA is the only one required for asymmetric cell division.
Indeed, several lines of evidence argue in favor of a model that places GlsA upstream of other asymmetric division genes, as a chromatin-associated transcriptional regulator. First, GlsA requires an Hsp70 partner and at least one intact SANT domain to carry out its asymmetric division function, and Hsp70s are known constituents of chromatin complexes, as are numerous SANT domain proteins, some of which have been shown to bind histones (Boyer et al., 2004; Johnson et al., 2002) . Second, the mouse GlsA ortholog MIDA1 is a DNA-binding protein that interacts with the cell differentiation protein Id1 (an inhibitor of basic helix-loop-helix transcription factors) and can activate transcription of a co-transfected reporter gene in cell culture (Shoji et al., 1995; Yoshida et al., 2004 ). Third, the major fraction of GlsA in both interphase and mitotic blastomeres co-localizes with histones and/or is nuclear (Cheng et al., 2005; Miller and Kirk, 1999) . And finally, as demonstrated here (Fig. 5) , at least some GlsA associates with histones, and this association requires the SANT2 domain. However, the most definitive test of the hypothesis that GlsA regulates asymmetric division as a chromatin-associated chaperone-perhaps one that helps to assemble, disassemble, or modify chromatin complexes-is to identify candidate direct targets by means of a strategy that involves chromatin immunoprecipitation (ChIP) plus microarray or deep sequencing, then to demonstrate a role for the product(s) of one or more of those targets in asymmetric division. Such ChIP experiments are now underway.
3.3.
Evolutionary perspective on the role of Zuotin-related genes in regulating the geometry of cell division So far, mutations affecting glsA orthologs have been reported for two species, S. cerevisiae and the nematode Caenorhabditis elegans, and both such mutations affect cell division symmetry. Saccharomyces cerevisiae haploids produce daughter buds near the position of the previously formed bud (axial pattern), while diploid mothers produce daughter buds that are positioned distally with respect to the previous bud site (bipolar pattern). A haploid yeast strain with a zuotin deletion exhibits the normal haploid axial budding pattern (our unpublished results), but a diploid strain that is homozygous for a deletion of zuotin exhibits a weak (expressed in < 50% individuals examined) unipolar budding pattern (Ni and Snyder, 2001 ). In C. elegans, the NSM neuroblast normally divides asymmetrically to produce daughters that are twofold different in size and that take on different fates. In a mutant defective for the GlsA ortholog DNJ-11, asymmetric division of the NSM neuroblast (but not of any other asymmetrically dividing cell) is disrupted so that some NSM daughters are equivalent in size, with a corresponding disruption of cell fate (Hatzold and Conradt, 2008) .
It is intriguing that three orthologous J protein chaperones are involved in the spatial control of three very different types of cell divisions. Clearly, the mechanisms that involve these three proteins in the control of cell division symmetry cannot be strictly conserved, since (1) nematodes and volvocine green algae evolved asymmetric division independently, with bud-site selection in S. cerevisiae representing yet another independent origin of cell-division positioning control, and (2) Zuotin and DNJ-11 appear to localize exclusively to the cytoplasm so probably regulate division symmetry through effects on translation, while GlsA is primarily nuclear and may not regulate asymmetric division through effects on translation. It is possible that since many proteins are likely to be involved at some level in cell division symmetry control, and since each J protein chaperone might have multiple substrates, by chance the V. carteri, C. elegans, and S. cerevisiae Zuotin-family chaperones each happen to regulate the activity of a protein involved in this process. It is also possible that these chaperones have convergently evolved interactions with similar proteins that function in the regulation of cell division at some level. Identification of GlsA, Zuotin, and DNJ-11 substrates should help determine how these chaperones function to determine where cell divisions occur.
4.
Experimental procedures
Algal strains and cultivation conditions
Volvox strains, culture conditions, and media (Standard Volvox Medium, SVM) were as described previously , except as indicated below. 22gls1, a GlsReg derivative of EVE that contains a Jordan transposon insertion that inactivates the glsA locus , was used as the host strain in all transformation experiments described in this report. Algae were cultured at 32°C except during the cold sensitivity assays, for which cultures were propagated at 24°C. For each of these assays, $100 spheroids were added to 500-mL flasks filled with 300 mL 1· SVM. For each strain, two flasks were incubated at 32°C and two at 24°C, all with aeration. Cultures were examined for extent of progression through development after 1 week and photographed. For paromomycin sensitivity assays, $10 spheroids from each strain tested were inoculated into 2 mL of SVM supplemented to the final concentration of antibiotic indicated (in wells of microtitre plates) and examined for survival after 2 and 4 days incubation at 32°C in a Percival growth chamber. Each assay was performed in four separate replicates.
4.2.
Nuclear transformation of V. carteri strain 22gls1, sequencing, and cloning methods to create glsA derivatives
The method used for nuclear transformation of V. carteri and selection of Nit + transformants, and the description of nitA-containing plasmid pVcNR15 were published previously (Gruber et al., 1992; Schiedlmeier et al., 1994) . Sequencing was by the dideoxy chain termination method (Sanger et al., 1977) using Big Dye 3.1 and an ABI Prism automated sequencer. Plasmid pGFP-GlsA-1 (pGGG), which was used as a starting point for making some of the conserved-domain mutant derivatives of glsA, was constructed as follows. A GFP-encoding fragment was amplified by PCR using the C. reinhardtii codon optimized GFP gene on plasmid CrGFP (Entelechon GmbH, Regensberg, Germany) as template and primers SacI-1GFP (5 0 -GGGAGCTCCTTGTACAGCTCGTGGATGCCG-3 0 ) and SacI-2GFP (5 0 -GGCTCGAGATGGCCAAGGGCGAGGAGCTGT-3 0 ), which contain SacI restriction sites at the 5 0 ends of oligonucleotides that hybridize to the first 22 and last 22 nucleotides of GFP coding sequence, respectively. Amplified product was ligated into PCR cloning vector pGEM-T Easy (pGem, Promega), and one product that was found by sequencing to have the correct GFP sequence was digested with SacI; the 750-bp insert fragment was ligated into SacI-linearized plasmid pLV377, which contains a 10.0 kb V. carteri genomic fragment that rescues the Gls phenotype of glsA mutant 22gls1 . Several plasmids resulting from the ligation were tested by restriction digestion to identify one (pGGG) that contained the GFP sequence in the proper orientation, 12 codons downstream of the glsA start codon. This construct rescued the Gls phenotype of 22gls1 and the GFP-GlsA fusion product was detectable by anti-GFP antibody in both Western and direct fluorescence analysis. Plasmid pJ * -GGG, which encodes a version of GGG that contains inactivating J domain mutations H145Q and D147A, was constructed by excising the 1.5-kb MscI-MluI restriction fragment from pLV399 ) that contains two base-pair changes in the J-domain-encoding region of glsA, and using it to replace the corresponding wild type fragment in pGGG. Plasmid pM * GGG, which encodes a version of GGG that contains mutations in five consecutive, highly conserved M domain residues (SWREF to AVAVA), was constructed as follows. Plasmid pMluIBstZ17IglsA, which contains a $1.3-kb genomic fragment that encodes the entire M domain, was used as template in a PCR with oligonucleotides M * 1 (5 0 -ACGTTC AAAGCCGCAGCCGCAGCCCCTCATCCG GACCGA-3 0 ) and M * 2 (5 0 -GTACCTGCGGAGTGGAGT-3 0 ) to amplify the entire plasmid with the 15 nucleotides indicated above in bold altered with respect to the wild type sequence. PCR products were cloned into pGEM and several of the resulting plasmids that contained inserts of the correct size were sequenced to identify one that was perfectly amplified, with only the intended mutations. The unique restriction sites MluI and BstZ17I were used to excise the insert fragment from this plasmid, which was ligated into the MluI BstZ17I digested pGGG plasmid to produce pM * -GGG. Plasmid pS1 * -GGG, which encodes mutations E484A and K494A that alter highly conserved SANT1 domain residues, was constructed as follows. First unique restriction sites for Bsu36I and SfiI were utilized to subclone a 3.4-kb SANT1 domain encoding fragment from pLV377 into a modified version of pBluescript KS + that contains Bsu36I and SfiI sites in its polylinker to create pBsu36IsfiIglsA. pBsu36ISfiIglsA was then used as template in a PCR with oligonucleotides S1 * 1 (5 0 -TGGAGCGAGGAGGCCCTTCGGCTGCTTGATAAGGCCTGTAACG CCTTCCCGATG-3 0 ) and S1 * 2 (5 0 -CTCGCGCATGGCCGCCATCT T-3 0 ) to amplify the entire plasmid with the six nucleotides indicated above in bold altered with respect to the wild type sequence. PCR products were cloned into pGEM and several of the resulting plasmids that contained inserts of the correct size were sequenced to identify one that was perfectly amplified, with only the intended mutations. The unique restriction sites Bsu36I and SfiI were then used to excise the 3.4-kb insert fragment from this plasmid, which was ligated into Bsu36I and SfiI digested pGGG to replace the corresponding wild type fragment. Plasmids pDS2-GGG, pS2-W1 * -GGG, and pS2W2 * -GGG, which encode GlsA SANT2 domain variants, were generated as follows. Plasmid pLV388, which like pLV377 contains a 10.0-kb genomic glsA insert was digested with XhoI, which cuts once in the glsA gene just before the SANT2-domain-encoding region and once just after the insert in the polylinker of cloning vector pKS + , and the resulting 8.7-kb fragment was religated to generate plasmid psubS2del1. This plasmid lacked the most 3 0 1336 bp of the glsA genomic sequence, including all of the 3 0 UTR sequence.
To replace this UTR sequence, first pLV388 was used in a PCR with oligonucleotides pWRII3 0 UTR1 (5 0 -CTGGAGAATTAAGG CGTCTGGGGCTTTA-3 0 ) and pKSglsA (5 0 -CCCTCGAGGTCG ACCTGCAGGTCAA-3 0 ) to amplify the UTR-containing fragment. PCR products were subcloned into pGEM and several resulting plasmids with inserts of the correct size were sequenced to identify one with the correct sequence. The insert from this plasmid was subcloned into psubS2del11 to generate a plasmid (p388XhoI + 3 0 UTR) found by sequencing to have the 3 0 UTR fragment inserted in the correct orientation. GFP-encoding sequence was then introduced into p388XhoI + 3 0 UTR at the same position it occurs in pGGG by using NdeI to cut at the two NdeI restriction sites that flank the start codon of glsA, and replacing the 0.3-kb NdeI-NdeI fragment from p388XhoI + 3 0 UTR with the 1.0-kb GFP-encoding fragment from pGGG. One clone resulting from this manipulation that contained the GFP sequence in the proper orientation was named pDS2-GGG. To construct pS2-W1 * and pS2-W2 * , which encode the variants with mutations W678A and W702A, respectively, we first subcloned the 1.3-kb XhoI-XhoI restriction fragment that contains the SANT2 domain-encoding region of glsA into pBluescript KS + , then used the resulting plasmid as template in two PCR. One reaction included oligonucleotides S2-W1-F3 (5 0 -AGTGAGGTACGCC-TGTAGAGA-3 0 ) and S2-W1 * -R (5 0 -CGC CGCGCCAGAGTCTGCCAC-3 0 ), and another used the oligonucleotides S2-W2-F (5 0 -GCGAGTGAGGTACGCCTGTAGAGAAGG-3 0 and S2-W2-R (5 0 -GCGCTCCGCCCCCAGCTCCTTTGGACA-3 0 ); the nucleotides indicated above in bold were altered with respect to the wild type sequence to encode the alanine substitution. PCR products were cloned into pGEM and several of the resulting plasmids that contained inserts of the correct size were sequenced to identify those that were perfectly amplified, with only the intended mutations. The XhoI-XhoI fragments from one clone containing the W678A mutation and once containing the W702A mutation were subcloned back into GGG to produce pS2-W1 * and pS2-W2 * , both of which were sequenced to confirm the correct fragments had been subcloned in the correct orientation.
Protein accumulation studies with GGG and its mutant derivatives
Transformants expressing GFP-tagged GlsA variants were identified by preparing extracts from at least 10 Nit + survivors from each transformation event and subjecting them to SDS-PAGE using standard methods. Extracts were prepared by harvesting spheroids on 30-lM nitex membranes and resuspending $10,000 individuals in an equal volume of 2· sample buffer (100 mM Tris pH. 7.0, 4% SDS, 20% glycerol, and 200 mM DTT). Proteins in extracts were electrophoresed on 10% polyacrylamide gels and then transferred to nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ). Primary anti-GFP antibodies (monoclonal anti-GFP antibody JL-8 and Living Colors A.v. Monoclonal Antibody; both, Clontech, Mountain View, CA) were used at 1:500 dilution, and anti-histones antibody F152.C25.WJJ (Chemicon International, Inc., Temecula, CA) was used at 1:200 dilution, all in blocking solution (1· PBS pH 7.4, 10% nonfat dry milk, 0.1% Tween 20), and HRP-conjugated goat-anti-mouse secondary antibody was used at 1:5000 dilution in blocking solution. Signal was developed using the WestFemto Supersignal Kit (Pierce Biotechnology Inc., Rockford, IL) according to the manufacturer's instructions.
Direct fluorescence imaging of GFP-tagged GlsA derivatives
Embryos expressing GFP-tagged GlsA proteins were separated from somatic cells by douncing seven times with an A-ball pestle. The broken spheroids were then brought up to 7% percoll (Sigma) and centrifuged for 1 min at 167g (1000 rpm) in a Sigma 3K12 centrifuge. The top layer containing mostly somatic cells was discarded and the pelleted gonidia and embryos were resuspended in SVM then immobilized on No. 1 coverslips with 0.03% PEI. Embryos were visualized with direct fluorescent light (excited at 488 nm and observed at 515 nm) using the 40· objective on a Nikon Microphot-SA microscope, and photographed with a Spot RT CCD digital camera (Diagnostic Instruments, Sterling Heights, MI).
4.5.
Immunoprecipitation of GFP-GlsA
Spheroids were disrupted by douncing, then centrifuged through percoll as described above to obtain a cell pellet that was enriched in embryos and gonidia. The pellet was washed and resuspended in lysis buffer that contained 150 mM NaCl, 20 mM Hepes pH 7.5, 250 mM sucrose, 1 mM sodium molybdate, 1% NP-40, and 1· protease inhibitor cocktail solution (Complete, mini EDTA-free, Roche Diagnostics Corp., Indianapolis, IN), and this mixture was sonicated at 300 W, using two 30-s pulses with 30-s incubations on ice between pulses. Glass wool filtered extracts (400 ll) were incubated with 5 ll of polyclonal anti-GFP antisera (Clontech Laboratories, Mountain View, CA) for 4 h with gentle agitation. A 50-ll aliquot of Protein G Sepharose Ò 4 Fast Flow slurry (50% beads and 50% buffer; Pharamacia Biotech, Piscataway, NJ) was equilibrated 3· in IP buffer (lysis buffer without protease inhibitors) then incubated with the extract plus antibody mixture overnight. The beads were then washed 3· in lysis buffer and collected by micro-centrifugation at $16,000g (13,200 rpm).
Proteins were then eluted with 20 ll SDS sample buffer (50 mM Tris-Cl pH 6.8, 100 mM DTT, 2% SDS, 1% bromophenol blue, 10% glycerol) by boiling for 5 min. The eluates were subjected to SDS-PAGE and analyzed by Western blot as described above.
Gonidial counts and statistical analysis of 22gls1 and transformants
For each strain tested, approximately 100 individuals were inoculated into each of three bubbler flasks containing 300 mL SVM and cultured for 3 days (one generation). An average of 300 randomly chosen spheroids from each flask were scored for gonidial number. Data were analyzed by ANOVA (analysis of variation) using the SAS GLM procedure (Version 8.0, SAS Institute, 1999) ; comparisons between all the lines were carried out by Tukey's test (Zar, 1996) . Transformants expressing GFP-GlsA variants were compared with the appropriate control strains (22gls1 for upstream deletion variants, and GGG for conserved domain variants) by separate ANOVA.
